We explore the low energy implications of an F-theory inspired E 6 model whose breaking yields, in addition to the MSSM gauge symmetry, a Z ′ gauge boson associated with a U (1) symmetry broken at the TeV scale. The zero mode spectrum of the effective low energy theory is derived from the decomposition of the 27 and 27 representations of E 6 and we parametrise their multiplicities in terms of a minimum number of flux parameters. We perform a twoloop renormalisation group analysis of the gauge and Yukawa couplings of the effective theory model and estimate lower bounds on the new vectorlike particles predicted in the model. We compute the third generation Yukawa couplings in an F-theory context assuming an E 8 point of enhancement and express our results in terms of the local flux densities associated with the gauge symmetry breaking. We find that their values are compatible with the ones computed by the renormalisation group equations, and we identify points in the parameter space of the flux densities where the t − b − τ Yukawa couplings unify.
Introduction
The existence of a neutral gauge boson Z ′ associated with a new U (1) gauge symmetry spontaneously broken at a few TeV is an interesting possibility. It is well-motivated both experimentally as well as theoretically, and its implications have been extensively discussed in the literature [1, 2, 3] . The experimental bound on the mass of a Z ′ boson decaying only to ordinary quarks and leptons with couplings comparable to the Standard Model (SM) Z boson, is about 3 TeV [4, 5, 6] . Theoretically, several extensions of the Standard Model and their supersymmetric versions, predict the existence of additional U (1) symmetries. In the context of Grand Unified Theories (GUTs) these are embedded in gauge groups larger than SU (5) since the latter contains only the SM gauge group.
One of the most interesting unified groups containing additional abelian factors of phenomenological interest is the exceptional group E 6 [7, 8, 9] . This has been extensively studied as a field theory unified model as well as in a string background. It emerges naturally in many string compactifications and, in particular, in an F-theory framework [10] , where several interesting features have been discussed [11, 12, 13, 14, 15] . Under the breaking pattern E 6 ⊃ SU (5), two abelian factors appear, usually dubbed U (1) χ and U (1) ψ . In general, after the spontaneous symmetry breaking of E 6 , some linear combination of these U (1)'s may survive at low energies [16] . The corresponding neutral gauge boson receives mass at the TeV scale and may be found at LHC or its upgrates.
In this work we examine the implications of a TeV scale neutral gauge boson corresponding to various possible combinations of U (1) ψ and U (1) χ . In addition, motivated by string and in particular F-theory effective models, we consider the existence of additional vectorlike fields and neutral singlets at the TeV scale. We assume that the initial E 6 symmetry is broken by background fluxes which leave only one linear U (1) combination unbroken, commutant with SU (5). In the present work the zero mode spectrum of the effective theory is derived from the decomposition of the 27 and 27 representations of E 6 , and, we parametrise their multiplicities in terms of a minimum number of (integer) flux parameters. In addition, since the flux-breaking mechanism splits the E 6 representations into incomplete multiplets [11, 12, 13, 14, 15] , one may choose appropriately the flux parameters in order to retain only the desired components from the 27 and 27 representations.
We also perform a two-loop renormalisation group equations (RGE) analysis of the gauge and Yukawa couplings of the effective theory model for different choices of linear combinations of the U (1) symmetries. Implementing the idea of incomplete E 6 representations motivated by F-theory considerations, we make use of zero mode spectra obtained from truncated E 6 representations. We use known mathematical packages [17] , to derive and solve numerically the RGE's in the presence of additional matter such as vectorlike triplets, doublets and singlet fields with masses down to the TeV scale. Furthermore, we investigate possible gauge and Yukawa coupling unification by considering four different cases with respect to the unbroken U (1) combination after breaking E 6 down to the SM. Finally, we perform an F-theory computation of the Yukawa couplings at the GUT scale and express them in terms of the various local flux parameters associated with the symmetry breaking.
2
E 6 GUT in an F-theory perspective
We start with a short description of the E 6 GUT breaking and the massless spectrum. The U (1) symmetries we are interested in appear under the breaking pattern
In an effective E 6 model with an F-theory origin, matter fields, in general, arise from 27, 27 and 78 representations. In the present work we restrict to the case where the three families, the Higgses and other possible matter fields emerge from the decomposition of the 27(∈ E 6 ) under
The decompositions of the SO(10) multiplets in (2) under the breaking of SO(10) to SU (5) are as follows
where the two indices respectively refer to the charges under the two abelian factors
The fermion families are accommodated in three 16-plets of SO (10) . The ordinary quark triplets, the right-handed electron and lepton doublets comprise the 10 (1,−1) and5 (1, 3) of SU (5), and in the standard description, the singlet 1 (1,−5) is identified with the right-handed neutrino. There are also vectorlike multiplets 5 (−2,2) +5 (−2,−2) and SO(10) singlets with charges (4, 0). The normalised chargesQ a = N a Q a are defined so that TrQ 2 a = 3, and therefore
With the spontaneous breaking of U (1) ψ and U (1) χ , the corresponding neutral gauge bosons receive masses of the order of their breaking scale. Depending on the details of the particular model, the breaking scale of these U (1)'s can be anywhere between M GU T and a few TeV, with the latter determined by LHC. New Physics phenomena can be anticipated in the TeV range and possible deviations of the SM predictions are associated with the existence of a new neutral gauge boson in this range. In the present model, a Z ′ boson that may appear at low energies could be any linear combination of the form Z ′ = Z χ cos φ + Z ψ sin φ. The corresponding U (1) charge is defined by Q =Q χ cos φ +Q ψ sin φ.
Several values of the mixing angle φ lead to models consistent with the data. The following models are of our primary interest in this work. • N-model [18, 19, 20] : We assign the right-handed neutrinos in 1 (1,−5) , and require Q ν = 0. Then, from (4), we fix tan φ = √ 15 and as a result,
• η-model: In this case the U (1) η charge formula takes the form
which arises as a consequence of breaking E 6 directly to a rank-5 group [21] .
• χ-model where φ = 0, and ψ-model where φ = π/2.
The phenomenological implications of these models have recently been discussed in [22, 23, 24, 25] , while an analysis with a general mixing angle, φ, is presented in [26, 27, 28] . The (ψ, N, η)-charges of the SU (5) representations are shown in Table 1 . Details for the χ-model are presented separately in Table 2 since we use a different GUT origin for the SM spectrum. (Notice that Q χ = −Q N and, as a result, the RGE analysis presented in the next sections is the same.)
Having described the basic features of the models, we proceed now to the derivation of the spectrum from F-theory perspective.
F-theory motivated E 6 spectrum
In F-theory, the gauge symmetry is a subgroup of E 8 , the latter being associated with the highest singularity of the elliptically fibred internal space. We assume that the internal manifold is equipped with a divisor possessing an E 6 singularity, thus
√ 10Q χ SM particle content 27 In the above decomposition, we are interested in the zero modes (27, 3) + (27,3) lying on the Riemann surfaces formed on the intersections of seven branes with the E 6 divisor. Restricting to specific cases of GUT surfaces, such as del Pezzo or Hitzebruch, one can determine the chirality 27 − 27 in terms of a topological index, the Euler characteristic. We assume the breaking of E 6 to the standard SO(10) model by a non-trivial flux along U (1) ψ . Since E 8 ⊃ E 6 × SU (3) ⊥ , the 27's reside on three matter curves corresponding to the Cartan roots t i of SU (3) ⊥ , with t 1 + t 2 + t 3 = 0, and this implies that the only invariant Yukawa coupling is 27 t 1 27 t 2 27 t 3 . We choose to accommodate the Higgs fields in 27 t 3 = 27 H and therefore the chiral families are on the t 1 , t 2 curves. However, in order to achieve a rank-one mass matrix and obtain a treelevel Yukawa coupling for the third generation, two matter curves have to be identified, and this can be achieved under the action of a Z 2 monodromy such that t 1 = t 2 . Furthermore, choosing appropriately the restrictions of the flux parameters on the matter curves, we can arrange things so that the spectrum contains three families in 16(→ 10 +5 + 1), and three Higgs pairs in 10(→ 5 +5) and several neutral singlets [15] .
Indeed, if we generally assume that the topological characteristics of the chosen manifold allow M copies of 27 t 1 and M H copies of 27 t 3 representations on the corresponding matter curves, turning on a suitable U (1) ψ -flux of n and m units respectively, we get the splitting shown in Table 3 .
Matter Higgs correspond to the choice of flux parameters in equations (8) and (9) respectively.
The spectrum also includes singlets which descend from the SU (3) ⊥ adjoint decomposition, designated as
As an illustration, we present two cases with minimal spectra of E 6 motivated models for two specific choices of the fluxes.
1. An economical model emerges if we choose
2. An alternative possibility may arise if we choose
Both cases are shown in Table 4 . The models differ with respect to the number of 10-plets and singlets; however the number of 16-plets is always three. In the first choice, all 10-plets reside on 27 t 3 Higgs curve, while in the second case there is an additional pair descending from 27 −t 1 + 27 t 3 .
Similarly, further symmetry breaking of the SO(10) → SU (5) × U (1) χ will be achieved by turning on suitable U (1) χ fluxes [15] . Thus, for the two 16's, in general, we have
where the integers n χ , m χ represent the U (1) χ fluxes piercing the corresponding matter curves, and the superscript 16 H is used here to denote the origin from 27 t 3 . For the number of 10's of SO (10) in the second model, we find one 10 2 and 4×10 H −2 , and assuming that one pair decouples (see next section) we have
Choosing n χ = −m χ = 1, we find 3 × 10 −1 and 4 ×5 3 emerging from Σ 16t 1 , 1 × 5 −3 from Σ 16t 3 and three singlet fields. This implies a three family SU (5) spectrum (supplemented by the right-handed neutrinos), accommodated in 10 +5 + 1 representations, and an extra pair of5 + 5. Furthermore, imposing n ′ χ = n ′′ χ = 0 the three 10's of SO(10) lead to three pairs of 5 −2 +5 2 . In a final step the breaking of SU (5) is achieved by turning on hypercharge fluxes, so that the doublet-triplet spliting mechanism is realised. The spectrum is summarised in Table 5 . In the following sections we discuss the basic features of the effective theory and the implications of the extra matter and the light boson Z ′ on the gauge and the Yukawa sector.
Yukawa couplings of the effective model
After the E 6 breaking, the tree-level superpotential at the SO(10) level contains the terms
The first term provides masses to fermion fields, while for 1 4 = 0, the second part generates a massive state of 10 −2 through a linear combination with 10
It transpires that at tree-level these are the only mass terms for the various 10-plets. Indeed, the couplings (λ ′ 2 10 −2 10 −2 + λ ′ 3 10 Therefore, this term is highly suppressed.
Finally, let us briefly discuss the possible contributions to the massless spectrum from the E 6 adjoint, i.e. bulk states from the decomposition of 78. As has been previously shown [10] , in groups of rank 5 or higher not all bulk states are eliminated and therefore the zero mode spectrum is expected to contain components of 78. It is possible that some of these states remain at low energies. Although there are some interesting phenomenological implications of such states [11] , in the present work we will assume that they become massive at some high scale and will therefore not be included in our analysis. 
RGE analysis for Gauge and Yukawa couplings
As we have seen, from the decomposition of the E 6 representations there are always additional fields, beyond those of the MSSM spectrum. For our RGE analysis we will consider an effective model that contains the three families embedded in three 16-plets ∈ SO(10), where the three right-handed neutrinos decouple at a scale ∼ 10 14 GeV. As shown in the previous section the exact form of the low energy spectrum and the superpotential depends on specific choices of fluxes, singlet vevs and other parameters, but such an analysis is beyond the scope of the present letter. Here, we will focus on a single case where additional matter comprises three complete SU (5) vectorlike 5 +5 multiplets and a singlet S, and the remaining singlets 1 4 , 1 −4 are assumed to decouple from the light spectrum. The MSSM Higgs fields H u , H d are accommodated in 5-plets arising from the SO(10) 10-plets 10 −2 , 10 2 . We suppose that all other components are removed from the spectrum either by appealing to fluxes or due to a possible doublet-triplet splitting mechanism through couplings with the bulk states. Under these assumptions, we have the particle content presented in Table 5 . Using the mass scales and parameters as described above, we obtain values of the three SM gauge couplings within the range constrained by the experimental results. In Figure 1 we present their evolution together with the abelian factor corresponding to the U (1) χ , U (1) ψ , U (1) N , and U (1) η models respectively. As shown in the figure, the decoupling of U (1) is assumed at the mass scale M S = 8 TeV. The beta coefficient of the extra U (1) gauge coupling depends on the 
By assuming unification at M GU T = 2.4 × 10 16 GeV we obtain the following values for the extra gauge coupling at the scale M S = 8 TeV :
Next we proceed with the Yukawa sector. In Figures 2 and 3 we present the evolution of the third generation Yukawa couplings for tan β = 50. Figure 2 corresponds to |µ| = 0.5 TeV and Figure 3 to |µ| = 0.8 TeV. In both cases, the masses of the sfermions were taken in the range of 2− 3 TeV and the trilinear parameter A t = 2.2 TeV. We observe that, in contrast to the minimal spectrum, in the presence of additional vectorlike matter, a moderate value of the top Yukawa coupling at the GUT-scale can reproduce the top mass at the electroweak scale. Furthermore, comparing Figures 2 and 3 , we see that an increment of the SUSY threshold corrections and the value of |µ|, implies larger GUT values of the Yukawa couplings. Some representative values for the same SUSY parameters but two different values of µ are presented in Tables 6 and 7 . Our findings show that the results are the same for χ and N models. For a discussion of sparticle spectroscopy with t-b-τ Yukawa unification see [30] and references therein. We close this section with a few observations. First, we notice that raising the scale M S by a few TeV increases slightly the value of the Yukawa couplings. At the same time we get a lower value of the gauge coupling g U at M GU T . Table 6 : Numerical values of the Yukawa couplings at M GUT for tan β = 50 and |µ| = 0.5 TeV. The last two columns refer to the Yukawa couplings of the vectorlike pairs.
The Z ′ boson mass for the various models discussed above are as follows:
In all cases, the predicted mass of Z ′ lies just above the current experimental bounds given by [4, 5, 6 ] Table 7 : Numerical values of the Yukawa couplings at the GUT scale for tan β = 50 and |µ| = 0.8 TeV.
The last two columns refer to the Yukawa couplings of the third family vectorlike pairs.
Next we discuss the extra doublet and vectorlike color triplet fields. As an example, following [25] , we assume that the Yukawa couplings, Y H and Y D , of one pair H u + H d and one pair D +D, unify asymptotically with the Yukawa couplings of the third generation at the GUT scale. The values of these couplings at the GUT scale are also presented in Tables 6 and 7 . Using the RGE's we predict the value at the scale M S . We find that the masses of D +D and the extra H u + H d doublets are:
Finally, in our analysis we have found that in the presence of extra vectorlike pairs and singlet fields at a few TeV scale, the third generation fermion masses and in particular the top-mass can be correctly reproduced with moderate values of the Yukawa couplings at the GUT scale. As we will show, this is in agreement with the predictions from F-theory computations.
Yukawa Couplings in F-Theory
In F-theory, the Yukawa couplings are realised when three Riemann surfaces accommodating matter fields intersect at a single point on the GUT surface, S. Given the specific geometry of the compact space, we can solve the appropriate equations of motion and determine the profile of the wavefunctions of the states involved. The Yukawa couplings are then obtained by computing the integral of the overlapping wavefunctions at the triple intersections. The final result of the computation depends on local flux densities permeating the matter curves. In the present work, we consider an E 8 point of enhancement and follow the procedures described in a series of papers [31] - [36] . We should note that the flux units considered in Section 2 are integer valued as they arise from the Dirac quantisation
where n f is an integer, Σ denotes a matter curve (two-cycle in the divisor S), and F is the gauge field strength tensor, i.e., the flux. In the same section we also described how the flux units piercing different matter curves Σ determine the chiral states which are globally present in a given model. However, while the flux units in Section 2 define the full spectrum of the model, the study of the trilinear couplings involve the calculation of the wavefunctions and their overlaps on a local, approximately flat patch around a point of intersection. In this local approach it is the local values of flux -and not the global quantisation constraints-that matter. The local fluxes determine the chiral states at the local point. Besides those, there can be additional chiral fermions localised in other regions of the matter curve, with the total chirality determined by the integral of the magnetic flux along the matter curve. The relation between local and global fluxes is not a clear issue since it requires a complete knowledge of the geometry of the matter curve. A more sophisticated local vs. global analysis is given in [35] . In our present approach, we will consider ranges of flux densities corresponding to a wide range of integer values encompassing also those flux parameters used in section 2.
Following the formulation of [36] (see also [37] ) we deal with two types of flux density parameters. The first type is parametrised by the flux density numbers M i , N i where i = 1, 2, and descend from a worldvolume flux which is necessary to induce chirality on the matter curves accommodating the 10-plets,5-plets and 5-plets of SU (5) Before closing this section, we make a few comments regarding the issues emerging from supersymmetry breaking, such as soft masses and flavour changing neutral currents (FCNC). The structure of the SUSY breaking soft terms have been studied for a large class of string and flux compactifications with a MSSM-like spectrum [38] - [42] . In many cases the presence of non-diagonal flavor dependent SUSY-breaking soft terms are generically induced. The presence of such terms can lead to dangerous FCNC effects which can create tension with other phenomenological predictions of the low energy theory. In the case of F-theory generalisations, SUSY breaking soft terms and its phenomenological implications have been extensively discussed in the past [43] - [47] , [34] . Especially in [46] , [47] , it is shown how SUSY breaking soft terms for fields on matter curves are generated from closed string fluxes, applying the results on F-theory local models and including contributions from magnetic fluxes. In the special case of non-constant fluxes flavor dependent soft terms arise which must lie in the multi-TeV range in order to avoid FCNC effects. However, the results strongly depend on the internal geometry, the background fluxes and there is considerable uncertainty from model dependent factors. On the other hand these flavor violating effects may be suppressed if the close string fluxes vary slowly over S.
Gravity mediated SUSY breaking is also a possible source of FCNC after integrating out heavy modes. In F-theory local models this scenario has been discussed in [34] where it is shown that off-diagonal terms are not induced due to the presence of geometric U (1) symmetries, while a full study of FCNC requires the study of the difference m 2 22 − m 2 11 of the soft scalar masses m ij . We expect that this will be suppressed for a wide range of the parameter space while a detailed computation is beyond the scope of this letter.
Conclusions
In this work, we have presented effective field theory models embedded in E 6 with an extra neutral gauge boson (Z ′ ) and additional vectorlike fields in the low energy spectrum. The extra matter fields (beyond the MSSM spectrum), assumed to remain at the TeV region include triplets and doublets comprising three complete 5 +5-plets of SU (5), as well as neutral singlets. It is shown that this spectrum can be embedded naturally in an F-theory scenario where abelian fluxes are used to break the E 6 symmetry to SU (5). Using renormalisation group analysis at twoloop level, we explore the implications of this spectrum on the running of the gauge and Yukawa couplings. We perform this analysis by assuming a Z ′ boson mass compatible with the LHC bounds and masses of the extra fields ∼ 10 TeV, and we take into account threshold corrections of SUSY particles and a right-handed neutrino scale 10 14 GeV. We find that moderate values at the GUT scale of the third generation Yukawa coulings in the range Y t,b,τ ∼ 0.3 − 0.4 and tan β ∼ 50 can successfully reproduce their low energy masses. Finally, based on previous detailed work on Yukawa couplings in F-theory [31] - [36] , we compute the third generation Yukawa couplings generated by a configuration of intersecting seven-branes with the GUT divisor. We assume a configuration with a single E 8 point of enhancement and compute the relevant integral taking into account non-trivial fluxes associated with the symmetry breaking. We express the results in terms of the local flux densities and find that their values are in the same range with those found by the renormalisation group analysis using as inputs the known low energy masses of the charged fermions of the third family. We also find points in the parameter space of the flux densities where t − b − τ Yukawa couplings attain a common value.
